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ABSTRACT: Visual brain–computer interfaces (BCIs)
provide a promising communication channel for individ-
uals with severe motor impairments. One well-known ex-
ample is the event-related potential (ERP) matrix speller,
which enables users to select characters on a computer
screen. However, such systems typically require users to
repeatedly shift attention between a screen-based inter-
face and the physical environment. In this work, we pro-
pose an in-the-scene BCI paradigm, in which users inter-
act directly with real-world objects rather than symbolic
representations on a screen. We evaluated the proposed
paradigm in offline experiments in which healthy partic-
ipants (N = 22) selected target objects under two condi-
tions: a screen-based BCI and an in-the-scene laser-based
BCI. Comparisons of the elicited ERPs showed differ-
ences between the two stimulation conditions, including
distinct scalp activation patterns and significantly larger
N1 amplitudes in the in-the-scene condition. These find-
ings indicate that neural responses elicited by real-world
object stimulation differ from those obtained with con-
ventional screen-based BCIs. This suggests that decod-
ing methods may require adaptation for in-the-scene BCI
systems.

INTRODUCTION

A brain-computer interface (BCI) is a type of assistive
technology that decodes brain activity directly, bypassing
the brain’s neural pathways that control other forms of
muscular activity. For people with severe speech or mus-
cular disability such as paralysis or locked in syndrome,
BCI is a promising technology that could allow them to
communicate with the external world, improve indepen-
dence and quality of life.
One such assistive device is the classic event-related po-
tential (ERP) matrix speller originally described by Far-
well and Donchin [1]. The 26 letters of the alphabet, to-
gether with several other symbols and commands are dis-
played on a computer screen that serves as a keyboard.
The user focuses attention to a symbol they wish to select
while rows and columns of the keyboard are highlighted.
Upon highlighting letters, ERPs are elicited and captured
by the electroencephalogram (EEG). By analyzing these
responses across multiple stimulus presentations, the BCI
determines the character attended by the user.
Although the ERP speller enables users to communicate
their intentions through typing, its long-term adoption has
been limited [2]. Our hypothesis is that adoption could

be limited by the sometimes cumbersome screen-based
selection procedure. For example, when interacting with
devices or objects in a physical environment, users must
repeatedly shift attention between the screen interface
and the physical environment. Additionally, during com-
munication, users are restricted to characters or options
that are pre-specified on the screen interface. The speed
of interacting with a real-world object (e.g., a glass of
water) often requires the user to spell out the name of the
object and the type of interaction desired. Because se-
lecting a single character typically takes several seconds,
describing objects such as a glass of water or actions such
as drinking from it, may take over a minute. This tedious
process could lead to frustration, mental fatigue and re-
duced long-term usability [3].
To address these limitations, we explore the concept of
an in-the-scene BCI originally proposed by Kolkhorst et
al. [4, 5]. In their study, objects in the real-world were se-
lected directly, circumventing the need of a screen. This
was achieved by placing objects around the participant
and highlighted them using a single laser pointer mounted
on a moving robotic arm. The authors hypothesized, that
such a system might reduce cognitive workload because
users do not need to repeatedly switch attention between
a screen interface and the surrounding environment. In-
stead, object selection could occur directly by attending
to the desired item. For simplicity, we refer to the in-the-
scene condition as the laser condition for the remainder
of this paper.
However, it remains unclear whether highlighting real-
world objects with varying visual and reflective prop-
erties results in different ERP responses compared to
conventional screen-based stimuli that are typically pre-
sented on a homogeneous background. In this study, we
use data from an experiment where participants selected
objects using both, a screen condition and a laser con-
dition. Within-subjects, we compare respective evoked
ERP components regarding amplitude, latency and scalp
activation characteristics.

MATERIALS AND METHODS

Participants: Twenty-five healthy participants aged
between 17 and 71 years (9 male, 16 female; mean age:
38.75, SD: 16.3) participated for a single session after
pre-screening and providing written informed consent.
Exclusion criteria included inability to understand in-
structions in English, a history of color blindness, neu-

10.3217/978-3-99161-093-9-062

358

Proceedings of the
10th Graz Brain-Computer Interface Conference 2026

CC BY 4.0 - https://creativecommons.org/licenses/by/4.0/
This CC license does not apply to third-party material and content noted otherwise.



Audio 
cue

Search 
object

🔈
Second object left

of the candle
on the table
🔈 Objects on a table

Pictograms on a computer screen

(a)

...🔈
To select it

gaze at the object
directly
🔈

Audio 
cue

Gaze 
object

(b)

🔈
To select it

gaze at the object
directly
🔈

Audio 
cue

Gaze 
object

(c)

Figure 1: Experiment overview. (a) An audio cue instructs participants to find the target object on the table. (b) In the laser condition,
participants gaze at the red laser-dot projected on the target. Highlighting is done by switching lasers on and off. (c) In the screen
condition, participants gaze at the target object’s pictogram on a screen. Pictograms are highlighted by alternating between white and
black squares.

rological treatment, brain surgery, or epilepsy. All par-
ticipants had normal or corrected-to-normal vision. Par-
ticipants were compensated for their contribution to the
study. The experiment was approved by the Ethical Com-
mittee of the Faculty of Social Sciences at Radboud Uni-
versity Nijmegen.

Materials: EEG data was recorded with 64 chan-
nel Ag/AgCl active electrodes positioned according to
the 10-10 system, and amplified with a BrainProducts
BrainAmp amplifier at a sampling rate of 1000 Hz. The
reference electrode was placed on the nose and the
ground electrode was positioned at AFz. The impedance
of all electrodes was kept under 10 kΩ. Event mark-
ers were recorded and synchronized using Lab Streaming
Layer (LSL). EEG acquisition and marker recording were
performed using the LSL Connector for the BrainAmp
amplifier.
We designed an experiment that includes the two con-
ditions: a standard screen-based BCI and a laser-based
BCI. Eight everyday objects were placed in front of the
participant (can, bandage, remote, bottle, candle, box,
book, cup; see Figure 1a). The objects were positioned in
a line with 18 cm gap between their respective highlight-
ing locations. Participants were seated approximately
1.5 m from the objects.
Eight laser pointers were placed to the left of the par-
ticipant. Each laser was manually aligned to point at
the center of mass of each object. The lasers were
transistor-to-transistor logic (TTL) laser diodes (Class
IIIa, 5 mW, 650 nm wavelength) with a maximum mod-
ulation frequency of 50 kHz. The lasers were controlled
using a Teensy 4.0 development board capable of sub-
microsecond digital output.
The measured rise and fall times of the laser diodes were
5.62± 5.26 µs and 410.1± 9.6 µs, respectively. Over-
all, the measured latency between the computer-issued
command and laser diode activation was sub-millisecond.

The viewing angles of the laser reflections on the objects
were 0.16 ± 0.08◦ horizontally and 0.33 ± 0.06◦ verti-
cally. The size of the reflections varied slightly depend-
ing on the optical properties of the objects. The viewing
angle between the leftmost and right-most objects was
45.6◦.
A computer screen was positioned 10 cm behind and
above the objects, displaying eight pictograms corre-
sponding to the objects. The pictograms were displayed
on a BenQ XL2420Z monitor (24-inch, 16:9 aspect ra-
tio, 1920×1080 resolution, 60 Hz refresh rate) using Psy-
choPy [6]. They were arranged in a 1×8 matrix. The
viewing angle of a pictograms was 1.48◦ in both horizon-
tal and vertical directions. The viewing angle from the
leftmost to the right-most pictogram was 9.5◦.
An optical sensor was attached to the top-left corner of
the screen to capture precise stimulus onset timings for
marker synchronization. Display presentation latency
tests revealed an average delay of 3.1±0.62 ms.

Stimuli: In this study, we used the same stimulus onset
asynchrony (SOA) of 250 ms and inter-stimulus interval
(ISI) of 150 ms as Kolkhorst et al. (2020) [5]. To reduce
the complexity of the setup and the trial duration, we re-
placed the single sensor robotic arm with a parallel high-
lighting by multiple lasers.
As highlighting neighboring stimuli can lead to co-
amplification of responses [7], two non-adjacent objects
(laser condition) or pictograms (screen condition) were
highlighted simultaneously during each highlight event,
yielding a target-to-non-target ratio of 1:3. Although
this target probability is slightly higher than the recom-
mended range of 0.1–0.2 for eliciting P300 [8], it al-
lowed us to reduce Kolkhorst et al.’s trial duration by
50 %. While the amplitude of the P300 component is
known to increase with longer target-to-target intervals
(TTI) [8, 9] and a low target probability [10–13], exces-
sively long TTIs and very low target probabilities may
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also lead to participant fatigue and a loss of attention.
To balance these factors, we used a variable TTI with a
minimum interval of 500 ms. An example stimulation se-
quence is shown in Figure 2. The highlighting sequences
were pseudo-randomly generated and satisfied three con-
straints: (1) two highlights of the same object or pic-
togram were at least 500 ms apart, (2) two highlighted
objects or pictograms were not spatially adjacent, and (3)
each object/pictogram was highlighted exactly 12 times.
This produced highlighting sequences of a fixed length
(T = 48 highlights, 12 s) with controlled target probabil-
ity, variable and unpredictable TTIs, and reduced the co-
amplification by neighboring stimuli.

0 1 2 3 4 5 6 7 8 9 10 11 12
Time (s)

can

bandage

remote

bottle

candle

box

book

cup

Figure 2: Example stimulation sequence. Each object and
trial presented a unique pseudo-random sequence.

Experimental procedure: Before the experiment, the
participants were familiarized with the task, object
names, corresponding pictograms and the audio instruc-
tions which determined the target object or pictogram.
Three practice trials were completed to make sure par-
ticipants gazed at the correct object or pictograms.
Per trial, a participant’s goal was to select an object
placed on the table. There were 24 trials for each con-
dition (6 for each of the objects) presented in a pseudo-
random order. After 4 trials, the participants were al-
lowed a self-paced break.
The target object’s position was indicated through an au-
dio cue (see Figure 1). It provided a logical explana-
tion of the target object and emulated a real-world ob-
ject search and selection. Additionally, the audio cue in-
structed to either gaze at the objects directly, or to the cor-
responding pictograms on the screen. The latter required
participants to first find the object on the table, then focus
their attention to the correct pictogram on the screen. The
audio cue was repeated until participants pressed a but-
ton. It served to indicate that the target had been found,
and initiated the stimulation after a random interval of
3–5 s. Participants were instructed to keep gazing at the
target throughout the stimulation, which consisted of ei-
ther a laser dot (see Figure 1b) or a highlighting of the
pictogram (see Figure 1c).

Analysis: Data of three participants were excluded
from data analysis. One participant withdrew from the
experiment due to excessive eye discomfort. Data of two

participants were excluded because of technical problems
related to the optical screen sensor in their session.
The remaining EEG data of 22 participants were band-
pass filtered at 0.5–20 Hz using IIR forward-backward
filtering. The data were then segmented to target and
non-target epochs from 200 ms pre-stimulus to 600 ms
post-stimulus. Epochs were baseline-corrected using the
250 ms pre-highlight interval. The epoched data were
decimated to 250 Hz. Epochs with a peak-to-peak differ-
ence above 100 µV were rejected from analysis. In total,
15.9 % of epochs were excluded from further analysis.
We analyzed and compared the ERPs between the screen
and laser conditions. Per participant, we estimated the
amplitudes and latencies by region-of-interests (ROIs).
The N1 ROI comprised of electrodes PO7, PO3, POz,
PO4, PO8, PO9, O1, Oz, O2 and PO10, while the P2 ROI
included FCz, Cz, CPz, Pz, POz and Oz. Amplitudes
were defined as the minimum voltage within 0–250 ms
for the N1 and the maximum voltage within 150–300 ms
for the P2. Values were then averaged across electrodes
within each ROI. To test for differences in ERP ampli-
tudes and latencies, we used the two-sample pairwise t-
test.

RESULTS

Target and non-target responses from both the screen
and laser conditions were averaged across participants.
The resulting event-related potentials (ERP) and corre-
sponding scalp topographies are shown in Figure 3. To-
pographic maps were computed by averaging activity
around the peak latency of each component. We observed
clear differences in ERP waveforms and scalp activity
patterns.
In the screen condition, the distinctive P1 component is
observed between 112–132 ms with positive amplitudes
over central electrodes and negative amplitudes over oc-
cipital electrodes. In the laser condition, a small P1 com-
ponent is observed over central electrodes.
The N1 component is visible in both conditions but dif-
ferences in the waveform morphology can be observed.
In the screen condition, the N1 appears as a sharp nega-
tive peak, while in the laser condition it shows a broader
negative deflection with a wider onset, which may sug-
gest the presence of overlapping peaks. Additionally, the
N1 amplitude appears larger in the laser condition com-
pared to the screen condition.
The P2 component is visible in both conditions but its
scalp activation patterns differ slightly. In the screen con-
dition, P2 is primarily localized over parieto-occipital re-
gions, with a slight extension toward central electrodes.
In contrast, the laser condition shows P2 activity predom-
inantly over central electrodes.
Temporal patterns also differ between the two conditions.
In the screen condition, scalp activity initially appears
in occipital regions, shifts toward central electrodes, and
then returns toward occipital regions before gradually
dissipating. In the laser condition, strong occipital activ-
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Figure 3: ERP timeseries and topoplots. Displayed are the grand average ERP timeseries (left) and topoplots (right) for the screen-
based (a) and laser-based (b) conditions. Gray areas indicate the intervals across which the topoplots are shown. The black horizontal
bars indicate highlighting intervals.

ity persists initially and subsequently shifts toward cen-
tral electrodes before gradually dissipating.
For both conditions, no clearly distinguishable P3 com-
ponent was observed despite the stimuli being designed
to elicit a P300 component.

Component amplitude and latency analysis: Overall,
ERP amplitudes observed in this study were lower than
those typically reported for visual oddball paradigms.
Figure 4 shows the N1 and P2 amplitudes and laten-
cies across participants. Paired-samples t tests were con-
ducted to compare ERP amplitudes and latencies be-
tween the laser and screen conditions. Effect sizes are
reported as Cohen’s dz for paired designs. As shown in
Table 1, the N1 amplitude was significantly more neg-
ative in the laser condition than in the screen condition
(Mdiff = −1.47 µV, 95% CI [−2.35, −0.58], t(21) =
−3.44, p = .002, dz = −0.73). No significant condition
differences were observed for N1 latency, P2 amplitude
or P2 latency (p > .05). As mentioned in the methods
section, we estimated the minimum and maximum values
for ROIs instead of using only the Cz and Oz electrodes.

Our results suggest that the P2 responses are compara-
ble between the screen and laser conditions despite dif-
ferences in their scalp activation patterns.

DISCUSSION

This study compared ERP responses elicited by a conven-
tional screen-based BCI and a scene-based BCI in which
objects were highlighted using laser pointers.
The results indicate that the observed ERP waveforms
differed between the two conditions. Although both con-
ditions timing-wise used an identical stimulation proto-
col, the screen condition exhibited clearly distinguishable
P1, N1, and P2 components, whereas the laser condition
exhibited a broader N1 component followed by a reduced
P2 component. One possible explanation for the missing
P1 in the laser condition is that the broader N1 response
may overlap with the P1 component, making it less dis-
tinguishable. In addition, differences were observed in
the spatial distribution of the P2 component. In the screen
condition, the P2 response was primarily localized over
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Figure 4: Amplitude and latency distributions of ERP components. Displayed are the ERP amplitude and latencies under laser and
screen conditions. (a) N1 component amplitude and latency distribution. (b) P2 component amplitude and latency distribution.

Table 1: Paired-samples t-tests comparing ERP measures between screen and laser conditions. Note, Mscreen and Mlaser denote
means for the screen and laser conditions, respectively. Mdiff represents the mean paired difference (laser − screen). Confidence
intervals correspond to the mean difference. Effect sizes are reported as Cohen’s dz for paired designs.

Outcome Mscreen (SD) Mlaser (SD) Mdiff 95% CI t(21) p dz
N1 amplitude (µV) -2.20 ( 1.51) -3.66 ( 1.61) -1.47 [ -2.35, -0.58] -3.44 .002 -0.73
N1 latency (ms) 160.55 (43.32) 151.82 (30.72) -8.73 [-31.73, 14.28] -0.79 .439 -0.17
P2 amplitude (µV) 2.02 ( 0.82) 2.13 ( 1.17) 0.11 [ -0.33, 0.55] 0.53 .604 0.11
P2 latency (ms) 233.09 (30.06) 230.18 (25.74) -2.91 [-19.38, 13.57] -0.37 .717 -0.08

occipital regions, whereas in the laser condition it was
most prominent over central electrodes. This shift in ac-
tivation patterns may reflect differences in visual process-
ing between controlled screen stimuli and stimuli pre-
sented in a more complex real-world environment.
We also observed a significant difference in N1 ampli-
tude, which was larger in the laser condition than in the
screen condition. This is consistent with findings re-
ported by Kolkhorst et al. (2019) [4]. Assuming that the
N1 component reflects early visual processing, this effect
may be caused by differences in the visual characteristics
of the stimuli. Despite being smaller, the laser dot may
have appeared more intense or visually salient than the
screen stimulus.
Although the stimulation protocol was based on an odd-
ball paradigm, a clearly distinguishable P300 component
was not consistently observed. One possible explanation
is the relatively small visual angle of the stimuli, which
may have reduced the signal-to-noise ratio of the P300
component. The waveforms provided in Figure 3 seem
similar to those reported by the ISCEV standard for clin-
ical visual evoked potentials [14, 15]. Specifically, at
electrode Oz, the waveform of the laser condition resem-
bles the pattern onset/offset VEP and the waveform of the
screen condition resembles a flash VEP. However, as our
protocols are substantially different from those used in
the ISCEV standards, this similarity may not indicate a
functional relationship and requires further investigation.
Our data suggest that ERP responses in scene-based
BCIs may differ in morphology and spatial distribution

from those observed in conventional screen-based sys-
tems. Consequently, decoding approaches for screen-
based BCIs may need to account for these differences
when applied to scene-based paradigms. This will be ex-
plored in future work.
Although the present study demonstrates that laser-based
stimulation can elicit ERP responses with comparable in-
tensities, it still needs to be tested, if in-the-scene BCIs
can improve the usability or the workload in practical ap-
plications as this depends on factors beyond electrophys-
iological responses, including system complexity, setup
time, the need for caregivers, user comfort, and the level
of cognitive or physical workload (e.g., eye strain). Fu-
ture work should investigate these aspects through dedi-
cated usability studies.
In addition, the stimulation paradigm itself may influence
usability and performance. The present study focuses
on an ERP paradigm, but other BCI paradigms such as
steady-state visually evoked potential (SSVEP) [16] or
code-modulated visual evoked potential (c-VEP) [17] ap-
proaches may offer higher information transfer rates [18].
However, VEP-based paradigms are sensitive to stimulus
properties such as size, color, luminance, and flicker fre-
quency. In complex real-world environments, these prop-
erties may vary substantially, and their effects on VEP re-
sponses should be carefully investigated before adopting
such paradigms in scene-based BCIs.
Finally, the hardware setup for scene-based BCIs may
also play an important role. In the present work, objects
were highlighted using laser pointers for its simplicity.
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For practical applications, more advanced highlighting
methods may be adopted.

CONCLUSION

This work presents an in-the-scene BCI using a laser-
based implementation for highlighting real-world objects
in parallel. EEG responses elicited by this approach
were compared with those obtained using a conventional
screen-based BCI. Statistical analysis of evoked ERP
components revealed that the two conditions produced
a comparable P2 amplitude and latency. While the N1
component did not show a significant difference in la-
tency, a significantly larger N1 amplitude was found in
the laser condition. These results suggest that laser-based
highlighting elicits neural responses that are slightly dif-
ferent to those used in traditional ERP BCIs. Future
work should investigate adapting decoding methods de-
veloped for screen-based paradigms for in-the-scene BCI
systems.
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